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Introduction

74
Cryptosporidium is a leading cause of moderate-to-severe diarrhea in children under two years 75 old and the leading pathogen associated with death in toddlers (ages 12 to 23 months 1 ).
76
Nitazoxanide is only one FDA approved medicine available for cryptosporidiosis, but it has 77 limited efficacy in the population at the highest risk for poor outcomes. There is a strong 78 consensus that better treatment options are urgently needed 2-4 . The limitation of tools to 79 genetically manipulate gene expression in this parasite has been identified as a major hurdle for 80 drug and vaccine development 2,4 . We developed a method to silence genes in this parasite by 81 using preassembled complexes of Cryptosporidium single strand RNA and the human enzyme 82 Argonaute 2 (hAgo2) 5 . We hypothesized that this method could be used to study key steps of 83 infection and identify novel targets for drug and vaccine development. In the present work we 84 used gene silencing to evaluate the role of Actin (Act), Rhomboid protein 1 (Rom1), transcription 85 factor AP2 (AP2) and Nucleoside diphosphate kinase (NDK) 1 during Cryptosporidium infection.
87
Methods.
88
Target selection for silencing experiments. 89 Initially, we selected 100 genes for silencing experiments (Table S1 ), for these experiments 90 mRNA sequences were obtained from CryptoDB (https://cryptodb.org/) and Gene Bank data 91 bases (https://www.ncbi.nlm.nih.gov/nucleotide/). Selected genes codes for: structural proteins, 92 transcription factors, kinases and proteases (Table S1 ). In these experiments we observed 93 silencing ranging from 30-94%, however in this study we only analyzed genes that were 94 silenced >75% (Table 1 , figure 1).
96
Antisense ssRNA design.
97
Antisense single stranded RNA (ssRNA) used in silencing experiments was designed by using 98 the computational software sFold 2.2 (http://sfold.wadsworth.org). We used as template the full 99 sequences of mRNA targets (accession numbers in table S1), initially we generated all possible 100 ssRNA antisense sequences of 21 nucleotides for each target, however we only selected 101 optimal ssRNAs based in sFold ranking, these scores reflects parameters such as, local free 102 energy and binding probability (C-G>40%). We synthetized selected ssRNAs from a commercial 103 vendor (Integrated DNA Technologies, Coralville, IA), for silencing experiments the ssRNA was 104 modified as follow: 21 nt ssRNA was capped with a phosphorylation at 5' end and was modified 105 with a deoxinucleotide (dTdT) tail at 3' end (Table S2 ). Scrambled control ssRNA (Table S2) 106 was designed using siRNA wizard software (Invivogen, San Diego CA).
108
Gene silencing in C. parvum oocysts. 
178
For invasion assay HCT8 cells were cultured as described. Before the infection, transfected 179 parasites were stained and excysted as described. After filtering, approximately 5x10 5 180 (suspended in 250 µl) were added to HCT-8 cells for 1 hr at 37°C. To quantify sporozoites that 181 did not invade cells, 250 µl of the supernatant was collected after incubation and fixed with 50 µl 182 of 4.2%paraformaldehyde solution (Cytofix/Cytoperm, BD BioSciences, San Jose CA). To 183 quantify sporozoites adhered to the cells, the monolayers were trypsinized by adding 150 µl of 184 0.25% trypsin-EDTA (Gibco/Thermo Fisher Scientific, Waltham, MA), and incubating at 37°C for 185 15 minutes. Then, the trypsin was inactivated by adding 500 µl of RPMI media supplemented 186 with 10% FBS. Samples were transferred to 1.5 ml tubes and then centrifuged 10 min at 500 g, and 3B). For these experiments the parasites were silenced (or not) and excysted as described 201 before. After excystation, sporozoites were used to infect HCT-8 cells cultured as previously (Table 1) . ssRNA-Ago did not affect the 233 expression of non-targeted GAPDH mRNA, ribosomal r18s, or parasite viability (Fig. S2 ).
235
Silenced targets are not involved on excystation of Cryptosporidium parasites. We 236 evaluated the role of silenced genes during excystation of Cryptosporidium sporozoites 237 measuring the excystation rate by fluorescence ( Fig 1A) . Silencing did not produce a significant 238 reduction on excystation rate for any of the targets (Fig. 1B) .
240
Gene silencing of selected genes blocks parasite entry.
241
We evaluated gene silencing by flow cytometry using an invasion model (Fig 2A) , for these 242 experiments we measured the proportion of CSFE-labeled parasites that failed to invade HCT-8 243 cells (Fig 2A) . First, we defined sporozoites population by flow cytometry (Fig S1A) . For the 244 invasion model, we transfected parasites and then evaluated the number of sporozoites in the 245 supernatant s. The results indicates that control group transfected only with PTR has ~65% of 246 stained cells (merozoites), in contrast silencing of Rom1 significantly increased the number of 247 gated cells, meaning that sporozoites did not invaded the host cells ( Fig 2B) . Silencing of NDK,
248
Ap2 and Actin also showed a partially effect on sporozoite invasion ( Fig 2B) . We did not 249 observed differences between untreated parasites and transfected parasites with PTR (data not 250 shown).
251
252 NDK inhibition reduces parasite proliferation. To evaluate the effects of gene silencing on 253 parasite division we used a proliferation model (Fig 3) , parasites were labeled with CFSE and 254 collected at 16 hours post-infection prior to the time of egress (Fig 3) . For controls, cell 255 proliferation led to decreased CFSE signal, such that 89% of cells had deceased signal by 16 256 hours ( Fig 3A) . By contrast, after silencing of NKD, Ap2 or Actin, only 28-35% of cells had decreased CFSE signal ( Figure 3B ). Silencing of CP23 and Rom1 had intermediate values,
258
suggesting partial inhibition of proliferation (54-55%). In additional studies we tested the effect of 259 EA acid on sporozoites viability, we did not observe killing effect of EA on sporozoites ( Fig S1B) .
261
Silencing of Rom1 and AP2 reduced parasite egress. To test the effects of silencing on 262 egress, we transfected intracellular parasites on infected HCT-8 cells. Transfected complexes 263 did not affect the viability of HCT-8 cells (Fig S2) , however we observed a reduction on 264 expression in all tested targets ( Fig S3) . After confirmation of silencing, fresh media was added 265 to collect merozoites released between 16-19 hrs ( Fig S4) . To evaluate the egress, we 266 conducted qRT-PCR to quantify the relative number of merozoites in supernatants of treated 267 samples and untreated samples ( Fig 4B) . There was a significant reduction in the number of 268 merozoites observed in the supernatant of silenced samples ( Fig 4B) . Therefore, these results figure S5 ). In order to evaluate the anticryptosporidial mechanism, we evaluated the expression 279 of proliferation and apoptosis markers in the parasites. Our results showed a significant down 280 regulation of separine and meta-caspases ( Fig 5B-C) , which suggest a parasitostatic and 281 parasiticidal effect by blocking proliferation and inducing apoptosis.
Discussion
283
Cryptosporidium lacks the machinery involved with mammalian gene silencing 6 . In previous 284 studies, we have demonstrated the feasibility to silence Cryptosporidium genes by transfecting 285 oocysts with human Argonaute (with slicer activity) loaded with ssRNA 5 . These initial 286 experiments confirmed reduction at protein levels and pointed out the usefulness of the method 287 to evaluate parasite invasion. Since the silencing is maintained up to 24 hrs., then we 288 hypothesized that this method could be used to evaluate other key biological processes during 289 the asexual cycle of parasites maintained in HCT-8 cells (e.g. excystation, proliferation and 290 egress). Thus the overall goal of this study was to use the silencing method to identify targets 291 that are critical for different steps in the parasite life-cycle. Our first step in this work was to 292 identify druggable candidates for gene silencing. We used transcriptional data to prioritize genes 293 highly expressed during invasion, proliferation and egress stages. Also we prioritized genes with 294 low homology with host molecules, but highly conserved between Cryptosporidium species.
295
After initial analysis, we identified 100 potential candidates ( Fig S1) . We developed antisense 296 ssRNA sequences to silence selected genes. In these experiments silencing rates were among 297 30-94% (Data not shown). Since partial silencing (30-75%) may not be optimal for phenotypic 298 studies, then in this work we only used antisense ssRNA that induces >75%. Selected genes for 299 silencing included: 1) Actin, an structural essential for Cryptosporidium motility 7 , 2) NDK an 300 essential gene for synthesis of nucleotides 8 3) Rom1, a protease involved on invasion and 301 egress in other apicomplexan 9 and 4) Ap2, which is a transcription factor involved in 302 proliferation 7 . First, we evaluated the effect of silencing during parasite excystation. The 303 excystation assays showed that none of the silenced genes had effect on this process 304 suggesting that these proteins are not essential for excystation. This result was expected since 305 transcriptomic data has showed that the majority of genes (~85%) in Cryptosporidium are 306 expressed after excystation process 10 . The invasion assay indicated that silencing of Rom1 307 blocks parasite entry. This proteolytic enzyme has previously been implicated in parasite 308 invasion 11 . Orthologue rhomboid protease in Toxoplasma cleaves cell surface adhesins, and 309 have been demonstrated that this protein is essential for invasion 11 . In Plasmodium PfROM1 310 and PfROM4 helped in merozoite invasion by catalyzing the intramembrane cleavage of the 311 merozoite adhesin AMA1 11 . Actin silencing also showed inhibited Invasion. Apicomplexan 312 parasites actively invade host cells using a mechanism predicted to be powered by a parasite 313 actin-dependent myosin motor. Actin in invasion was first suggested by studies demonstrating 314 the ability of the actin polymerization inhibitor cytochalasin D (CytD) to block invasion 12 . The 315 proliferation assay showed that NDK, Ap2, Actin but not Rom1 reduced parasite proliferation. 
321
Cryptosporidium transcriptomic analysis demonstrated that actin is highly expressed between 322 12-48 hrs after the infection, during this time the parasite is actively dividing passing from a 323 single cell (trophozoite) to 8 cells (meronts II) in 24 hrs. We showed that silencing of AP2 324 transcription factor also affected proliferation ( Fig 3B) . AP2 proteins are transcription factors molecule acts as a repressor of bradyzoite development. Our results showed that egress assay 334 was partially affected by parasite proliferation (Fig 4B) . Silencing of NDK, AP2 and Actin 335 blocked proliferation leading to a reduction in the number of merozoites ( Fig 3B) . In contrast, 336 silencing with Rom 1 had an even great effect on egress. Since that protein only had moderate 337 effect in proliferation ( Fig 3B) , it is likely Rom1 is implicated in parasite egress through a 338 proteolytic mechanism. In Plasmodium, release of merozoites from schizonts resulted in the 339 movement of Plasmodium ROM1 from the lateral asymmetric localization to the merozoite 340 apical pole and the posterior pole 18 .
342
Overall our in vitro studies confirmed that silenced genes blocks proliferation and egress in
343
Cryptosporidium parasites, therefore we hypothesized that chemical inhibitors against these 344 enzymes should arrest Cryptosporidium proliferation on infected cells. Since silencing of NDK 345 showed effect during invasion, proliferation and egress then was selected for further studies.
346
The inhibition of NDK activity by EA have been demonstrated 19,20 . Thus here we tested EA on 347 the Cryptosporidium infection model, we observed anticryptosporidial activity of this compound 348 at micromolar concentrations ( Fig 5A) . The EA is a natural compound found in strawberries and Table S2 . Cryptosporidium antisense ssRNA sequences used in this study. Table S3 . Target genes and primer sequences used for RT-PCR analysis. 
